Plug-in hybrid electric vehicles (PHEVs) can become valuable resources for an electric power system by providing vehicle to grid (V2G) services, such as energy storage and ancillary services. We use a unit commitment model of the Texas power system to simulate system operations with different-sized PHEV fleets that do and do not provide V2G services, to estimate the value of those services. We demonstrate that a PHEV fleet can provide benefits to the system, mainly through the provision of ancillary services, reducing the need to reserve conventional generator capacity. Moreover, our analysis shows that PHEV owners are made better off by providing V2G services and we demonstrate that these benefits can reduce the time it takes to recover the higher upfront capital cost of a PHEV when compared to other vehicle types.
consists of the 365 days in 2005, is simulated independently, except that the commitment and dispatch of each conventional generator and the charge level of each PHEV battery at the beginning of each day is fixed based upon the ending values from the previous day's run. Moreover, each day's unit commitment is solved in two steps. The first is a unit commitment with a two-day planning horizon and a four-hour timestep for the commitment variables (the dispatch variables still have an hourly timestep in this first commitment problem), which is used to determine and fix the ending commitment and dispatch of each generator and charge level of each PHEV battery. After these variables are fixed, the one-day problem is solved with hourly timesteps for all variables. Appendix A gives a detailed mathematical formulation of the model used.
Power System Data
Conventional generators consist of all the thermal, hydroelectric, and wind generators that were in operation in ERCOT in 2005. Conventional generation costs are modeled as consisting of three parts-a startup cost, which is incurred whenever a generator is started up; a spinning no-load cost, which is incurred whenever a generator is online; and a non-decreasing stepped variable generating cost function. Generation costs were estimated based on heat rate values, fuel and emission permit prices, and variable operation and maintenance costs obtained from Global Energy Decisions (GED) and Platts Energy.
4 Typical conventional generation constraints are modeled, including: minimum and maximum operating points when a generator is online, minimum up and down times when a generator is started up or shutdown, and ramping limits; all of which were also obtained from GED and Platts Energy. Ancillary service qualifications, which indicate whether a unit is able to provide spinning or non-spinning reserves, were also obtained from GED, and the actual MW limit were computed from the ramp limits by assuming a 15-minute response time. We further assume that a conventional generator must be online in order to provide spinning reserves in a given hour, but can provide non-spinning reserves in either an on-or off-line state. Wind availability data was taken from a mesoscale model conducted by AWS Truewind for the Public Utility Commission of Texas.
The model includes hourly load-based ancillary service requirements consisting of a 4.5% spinning reserve requirement and a 9% total reserve requirement, which could be met by either spinning or non-spinning reserves. The model does not represent regulation procurements, since we assume PHEVs do not participate in the regulation service market. Although Kempton and Tomić (2005) note that PHEVs have extremely fast response times that would allow them to participate in the regulation market, we do not consider this application for several reasons. First, frequency regulation from a distributed PHEV fleet represents a number of technical challenges, both in modeling and in actual deployment, requiring tracking the state of a large PHEV fleet and the resulting availability for both up and down regulation. Second, current market rules may result in uneconomic dispatch of PHEVs that participate in the regulation market. This is because many SOs settle regulation calls at the prevailing real-time price of energy, which is set in the real-time spot market, but dispatch regulation resources without regard to generation costs-which could potentially result in a high-cost generator being dispatched at a net loss. As discussed below, because PHEVs incur a relatively high expected battery replacement cost when discharged, regulation sales may prove uneconomic-especially in off-peak periods when the real-time energy price tends to be low. Spinning and non-spinning reserves, by contrast, do not pose this problem since spinning and non-spinning reserves are deployed in real-time based on an economic dispatch model and are used in determining the real-time price of energy.
5 For these reasons, and the challenges of accurately modeling the frequent calls for regulation in the distributed PHEV fleet, we consider only spinning and non-spinning reserves in this work. We further assume that generators that provide spinning or non-spinning reserves must be capable of maintaining a full deployment of reserved capacity in real-time for two hours, which is a requirement of some SOs. As discussed below, this implies a PHEV must be connected to the grid for two consecutive hours and have sufficient energy stored to maintain a two hour-long deployment. Clearly, these assumptions regarding the ancillary service market will understate the potential value of V2G services. In peak periods in which the real-time price of energy is expected to be high, participating in the regulation market would likely result in higher value with a low risk of an uneconomic regulation call. Moreover, some markets differentiate regulation down from regulation up, and a PHEV could offer regulation down service by increasing its charging load if it is deployed in real-time, which would not result in battery degradation. Similarly, given the high potential value of V2G services, SOs may be willing to relax some ancillary service qualification rules, such as maintaining a two-hour deployment, for PHEVs.
PHEV Data
For each set of model runs, the PHEV fleet is assumed to consist of a fixed number of vehicles. The total vehicle fleet size (consisting of both PHEVs and non-PHEVs) is taken from 2005 Texas vehicle registration information reported by the U.S. Department of Transportation's Federal Highway Administration, of which we assume 85% to be driven within and interconnect with the ERCOT control area. 6 We conducted a series of runs with PHEV penetration levels between 1% and 15% of the total vehicle fleet.
Vehicle driving patterns are based upon a household travel survey that was conducted by the East-West Gateway Coordinating Council in the St. Louis, Missouri metropolitan area, which is detailed in EWGCC (2003a,b) . The vehicle survey tracked the second-by-second driving patterns of 227 vehicles over the course of a number of weekdays. We assume that the PHEV fleet is evenly divided into the 227 driving profiles corresponding to the driving pattern data. Furthermore, we assume that all vehicles of each PHEV type are dispatched identically-thus we model 227 different 'PHEV types' corresponding to the driving profiles. The total contribution to the objective function, and ancillary service and load balance constraints from each PHEV type is determined by multiplying the variables associated with each PHEV type by the number of PHEVs of that type.
The driving data was used to determine the hours in which the PHEVs are driven, the total distance traveled in that hour, and those in which they are grid-connected and could be dispatched to charge or discharge their batteries or provide ancillary services. In doing so, we assume that for a PHEV to be considered 'grid-connected' during an hour, it must not be driving for the entire hour. Depending on the state of charge (SOC) of a PHEV's battery the vehicle will either be driven in charge-depleting (CD) mode, in which case the battery is the primary energy source and the gasoline engine is used only on a supplemental basis for quick accelerations, or charge-sustaining (CS) mode, in which case the gasoline engine is used to maintain the same average SOC. Using the Advanced Vehicle Simulator, described in Markel et al. (2002) , the driving pattern data was used to simulate the average gasoline and battery energy usage for each PHEV driving profile (in gallons per mile and Wh per mile, respectively) in both CD and CS modes. As is typically proposed in PHEV designs, we assume vehicles are driven in CD mode until the battery SOC reaches 30% of the battery's maximum storage capacity, at which point it is driven in CS mode and remains at 30% SOC unless recharged by grid-connecting. We further assume that PHEVs always have sufficient gasoline to operate in either CS or CD mode.
We assume that hours in which a PHEV is not driven it has access to a charging station, at which it can be charged, discharged, or have its capacity reserved for ancillary services. As Kempton and Tomić (2005) describe, PHEVs have two constraints on their dispatch as V2G resources: the energy storage limit of the battery and the lesser of the power capacity of the on-board electronics and of the plug used in the charging station. We assume each PHEV battery has an energy storage capacity of 9.4 kWh, which corresponds to an electric-only driving range of between 20 and 40 miles, depending on the vehicle class, 7 and that the battery can only be discharged to a 30% SOC. 8 We assume the plug in the charging station has a power capacity of 5 kW, making it an average of a standard 120 V home circuit and a 240 V appliance circuit. The internal circuitry of a PHEV, by contrast, has a much higher capacity of at least 50 kW, and as such we limit the power of the circuit to the 5 kW capacity imposed by the plug. We assume that recharging a PHEV battery results in 10% energy losses and 7% losses when discharging it for grid services. Discharging a PHEV battery results in three costs: recharging the energy drawn from the battery, any increase in gasoline costs due to the PHEV being driven in CS as opposed to CD mode on subsequent trips, and a reduction in the usable cycle life of the PHEV battery. The cost of recharging the battery is modeled by enforcing a constraint that each PHEV's battery must be fully recharged at 4am.
9 10 In this way the energy replacement cost is captured by requiring any energy discharged be replaced. The additional gasoline cost incurred as a result of discharging a PHEV battery and increasing the number of CS miles driven is captured by including the total gasoline costs of driving in the objective function of the unit commitment problem, which directly accounts for any increase in gasoline costs. The retail cost of gasoline is taken from historical weekly price reports for the state of Texas from the U.S. Department of Energy's Energy Information Administration. Finally, the lithium-ion batteries that are proposed to be used in PHEVs have a usable cycle life that is a decreasing nonlinear function of the change in depth of discharge (DOD), which is the percentage of total energy storage capacity at which the battery's SOC is left after being discharged. As such, the dispatch of a PHEV to provide energy imposes a cost on the vehicle owner in that it shortens the expected lifetime of the battery, thereby increasing battery replacement costs. We represent this cost by modeling the expected battery life lost from each discharging of a PHEV battery and the associated expected battery replacement cost. EPRI (2005) estimates the cycling performance of PHEV batteries, giving the number of times a PHEV battery can be cycled as a function of the DOD. In order for this cost to fit within our MILP framework, we approximate this relationship using the four-segment piecewise-linear function shown in figure 1. We then impose a cost on each battery discharging based on the reduction in the number of usable battery cycles and a battery replacement cost-which we assume to be $3572, based on estimates in EPRI (2001, 2002, 2005) . For example, since a PHEV battery can be cycled 12,000 times to 40% DOD, discharging a PHEV battery to that level would incur an expected battery replacement cost of: 
Simulation Results

System Costs of PHEV Charging and V2G Services
In order to measure the value of V2G services we simulate and compare the commitment, dispatch, and cost of conventional generator and PHEV fleet operations-both with and without PHEVs providing V2G services. In simulations with V2G services the model dispatches the PHEV fleet by determining MWh of energy to charge and discharge, and MW-h 12 of ancillary service procurements to take from each PHEV type in each hour in which the vehicle type is not driving. Moreover, vehicle miles driven in CD and CS modes are also tracked in hours in which each PHEV type is driving, both to track the SOC of each PHEV type's battery after a vehicle trip and to account for increased (or decreased) driving costs resulting from a battery discharge (or recharge). Simulations without V2G services restrict PHEV discharges and ancillary service procurements to always be zero, but still allow flexibility in recharging PHEV batteries anytime the vehicle is not being driven-thereby allowing the SO to minimize the cost of recharging PHEV batteries. Table 1 compares average daily power system operation costs (i.e. the cost of operating conventional generating units only) with and without V2G services provided by the PHEVs over the 365-day sample. The value of V2G services reported is the difference in system costs and shows that V2G services provide some value in reducing conventional generator costs. Indeed, at a 1% PHEV penetration level, the vehicle fleet benefits the electric power system in net, in that the additional generation costs stemming from recharging the fleet is less than the cost savings from V2G services. Table 2 summarizes total annual ancillary service and gross energy sales 13 from the PHEV fleet. The table highlights the fact that most of the value provided by V2G services stems from the provision of costless spinning reserves, since the PHEV fleet provides only a fraction of a percent of the electric load, whereas it provides up to two-thirds of the system's ancillary service requirements. Because conventional generators must be online, incurring a noload cost, to provide spinning reserves, there is an opportunity cost associated with reserving spinning capacity from a conventional generator which would otherwise increase its generating output to serve load. PHEVs, by contrast, do not incur any such costs due to the nearly instantaneous response times of vehicle batteries. The net effect of procuring spinning capacity from the PHEV fleet is that it allows the SO to commit less conventional generator capacity, since less of that capacity is needed to meet the ancillary service requirement. It is interesting to note that between the 10% and 15% PHEV penetration level, the PHEV fleet saturates the spinning reserve requirement, with the vehicle fleet providing more than 66% of the total ancillary service requirement at a 15% PHEV penetration level. Since only 50% of the ancillary service requirement must be met by spinning reserves, the additional 16% is displacing non-spinning reserves. Non-spinning reserves, in contrast to spinning reserves, can be served by conventional generators that are not committed, and as such there is no opportunity cost in procuring non-spinning capacity from conventional generation. Thus, the vehicle fleet's ability to reduce the commitment of conventional generation is exhausted at a 15% penetration level. This reduced effect of the PHEV fleet is reflected in the fact that the value of V2G services reported in table 1 grows non-linearly with the PHEV fleet, with a diminishing per-vehicle value of V2G services.
Table 2 also shows that PHEVs provide virtually no energy storage (i.e. although they provide ancillary services, very little energy goes through the storage cycle). This is primarily because of the high battery cycling cost associated with discharging the PHEV battery. Based on the battery cycling cost given in figure 2 and the inverter losses, a minimum difference of about $15.13 is needed between the cost of energy that is charged and discharged into the battery for energy storage to be economic. Coupling this large cost difference with the fact that PHEVs may not be available for charging and discharging at the right time explains the fact that very little energy storage is used. These results also tell us that if PHEV batteries are more expensive or cycle more poorly than the estimates in EPRI (2001, 2002, 2005) , which is a concern given uncertainty over batteries, the net effect on the value of V2G services would be marginal. This is because batteries that are more expensive or cycle more poorly would make energy storage more uneconomic, which would have little impact since energy storage is uneconomic with the assumed battery characteristics. Conversely, because the provision of ancillary services does not require energy to go through the storage cycle, the cost and cycling capability of batteries will have no impact on the value of V2G.
Comparing the generation costs reported in table 1 without V2G services across the rows shows that generation costs increase non-linearly with the size of the PHEV fleet. Table 3 shows average daily per vehicle charging costs, which is defined as the incremental generation costs (above the 0% PHEV penetration case) divided by the size of the PHEV fleet, and is considerably higher for a vehicle fleet larger than 1%. The difference in charging costs stems from the efficiency of the generators used to serve the incremental charging load with different-sized vehicle fleets. Table 4 shows the average incremental heat rate of the charging load, which is defined as the incremental heat content of fuel burned divided by incremental generation (above the 0% PHEV penetration case), and shows that generators that serve the charging load become significantly less efficient at a 5% fleet size and higher. It bears mentioning that the low incremental heat rate associated with a 1% PHEV fleet does not mean the charging load is served by generators with an average heat rate of 5,733 BTU/kWh. Rather, because of the flexibility the SO has in when it chooses to recharge the PHEVs, it is able to time these vehicle charges in such a way that it can commit an efficient generator to serve vehicle loads. This in turn allows the SO to decommit a less efficient generator that would otherwise serve a portion of the fixed customer load (i.e. non PHEV-charging load), and meet this load with the more efficient generator. This results in both the charging load and a portion of the customer load being served by a more efficient generator, which reduces the incremental heat rate. Without the vehicle charging load, unit operating constraints would not allow the more efficient generator to serve this load. In computing the incremental heat rate, efficiency gains in PHEV-charging and fixed customer loads are all allocated to the incremental charging load of the PHEVs, giving the low heat rate.
In addition to determining the value to the system of V2G services, another important consideration is the cost to and profits earned by PHEV owners from the provision of those services. These profits will both determine whether PHEV owners will make their vehicles available to the SO to be used as grid resources, and can affect individuals' decisions of whether to purchase a PHEV as opposed to an HEV or CV, since the revenue stream may reduce a PHEV's lifetime ownership cost in comparison to the other two vehicle types. Table 5 breaks down average annual PHEV operating costs with and without V2G services provided and shows that in all but the 15% PHEV penetration case, gasoline and battery costs are lower when providing V2G services. This reduction in vehicle operation costs is due to the increased available capacity 8 of conventional generators that are committed (from which ancillary services are not needed due to the PHEV fleet providing capacity) being used for more midday recharging of PHEVs. This midday recharging increases the number of miles driven in CD mode, thereby reducing gasoline usage, and also helps maintain a higher SOC for PHEV batteries after vehicle trips, which reduces cycle life loss. It is important to note that although there is excess generating capacity available to recharge vehicle batteries, it is generally not economic to commit a unit and incur a startup cost solely for vehicle charging. The higher PHEV operating costs when providing V2G services with the 15% penetration level is due to the cost of battery discharges for V2G services outweighing the reduction in driving costs from midday recharging. Table 6 summarizes the net effect of V2G services on the power system and PHEV fleet by comparing the average daily cost of operating the electric power system and PHEV fleet with and without V2G services. The costs reported include both the cost of operating conventional generators, as well as the gasoline and expected battery replacement costs associated with driving the PHEV fleet. Thus, the cost savings in table 6 include any added cost of operating the PHEV fleet due to its provision of V2G services, and as such should be considered the total social value of V2G services. The results show that PHEVs can provide system savings of close to half a percent of total power system plus PHEV fleet costs. It is interesting to note in table 6 that the value of V2G decreases between the 10% and 15% PHEV penetration level, despite the fact that generation cost reductions from V2G services (shown in table 2) increase from the 10% to 15% penetration level. This decrease in the total social value of V2G services stems from the increased vehicle operation costs shown in table 5-although providing V2G services reduces daily conventional generator costs by $155,144, the provision of V2G services increases daily PHEV operation costs by $18,168, resulting in a net V2G value of $136,976. Table 7 summarizes the net revenue impact of providing V2G services for PHEV owners, by showing the average annual per vehicle value of V2G services and the net increase in payoffs to a PHEV owner. The values of V2G services with different-sized PHEV fleets are taken from table 6, and divided by the number of PHEVs. The payoff to PHEV owners is computed based on payments received by PHEV owners for net energy sales (i.e. energy sold less vehicle charging) and ancillary services provided, assuming these are priced using the marginal cost of energy and ancillary services. From these payoffs, the net increase in gasoline and battery replacement costs stemming from the provision of V2G services are subtracted to yield the net increase in payoffs to PHEV owners. Our results show that PHEV owners fully recover the cost of providing V2G services and receive a higher payoff than the value they provide to the system. 
PHEV Ownership Costs
The reductions in driving costs and energy and ancillary service payments discussed in section 3.1 can help to reduce the lifetime ownership cost of a PHEV, and reduce the amount of time it would take for a PHEV purchase to recover the higher upfront capital cost. Figure 3 shows the total average ownership cost of a CV, HEV, and PHEV (both with and without providing V2G services), for a 1% PHEV penetration level. The ownership cost of the CV includes only the gasoline cost associated with driving, which is based on simulations of gasoline usage for the same 227 driving profiles associated with the PHEV fleet. The simulations were conducted using the Advanced Vehicle Simulator described in Markel et al. (2002) . The annual gasoline costs are an average over the set of driving profiles. The HEV costs includes a $4,058 capital cost 'adder,' which is the estimated incremental cost of an HEV (above the cost of a CV) for the battery, powertrain, and on-board electronics used in Denholm and Letendre (2007) ; as well as gasoline costs from the Advanced Vehicle Simulator using the same 227 driving profiles. The cost of the PHEV without V2G includes a $6,427 capital cost adder (this is an incremental cost of $6,427 above the cost of a CV), based on estimates in EPRI (2002); as well as gasoline and energy purchase costs. The cost of battery replacement is not included, since this cost is assumed to be sunk in the upfront purchase of the vehicle and including it would 'double-count' this cost, although we do note the expected time of battery failure.
14 The cost of the PHEV with V2G includes a $6,727 capital cost adder, with the additional $300 being the added cost of the V2G electronics, as well as gasoline costs and energy and ancillary service payments. Our simulations show that with V2G, a PHEV can recover its additional capital cost in just under seven and a half years, as opposed to just over nine years for a PHEV without V2G. 
Sensitivity of PHEV Costs to Assumptions
The results of our analysis will clearly be sensitive to a number of model and parameter assumptions made. We explore the sensitivity of the cost of PHEV ownership and battery charging to some assumptions underlying our analysis.
Cost of Uncontrolled Charging
Our analysis thus far has assumed a controlled charging case, in which the SO can time PHEV charging to minimize total system costs. While such a scheme will minimize the cost of recharging PHEV batteries, it can prove problematic in terms of PHEV integration. For one, sophisticated and distributed control, communications, and sensing systems will be needed for the SO to exercise this level of control over PHEVs, which will add further cost barriers for initial technology adoption. Secondly, consumers may be wary of giving complete control of vehicle charging to the SO. Although development of control technology and customer tariffs may eventually alleviate these issues, an interesting question is what effect an uncontrolled charging scenario, in which PHEV drivers make charging decisions, would have on PHEV costs.
In order to estimate the effect of uncontrolled charging on generation costs we examined an extreme uncontrolled charging case, in which PHEVs are charged whenever they are not driven. We assume that when a PHEV charges, it will charge to the lesser of its power and battery energy constraints. Table 8 summarizes the average increase in daily generation costs with uncontrolled and controlled charging. The increases are given relative to the case with no vehicle charging. The 10% and 15% fleet size cases are not shown, since the entire charging load could not be served in the uncontrolled charging case. The table also shows the increase in generation costs with uncontrolled charging, as a fraction of the increase in costs with controlled charging. This last column highlights the fact that generation cost increases from uncontrolled charging are most pronounced with the 1% fleet size, since the loss of control by the SO does not allow the efficiency gains seen in tables 3 and 4. 
Vehicle Capital Costs
Our analysis of PHEV cost recovery times in section 3.2 will clearly be sensitive to the upfront capital cost of purchasing the different vehicle types. The cost adders used in figure 3 were taken from Denholm and Letendre (2007) so that our analysis could be compared to theirs. Because PHEVs are still under development and the cost of battery manufacturing is still unknown, these cost estimates may be incorrect, which would affect the cost recovery time of a PHEV. For instance, Kromer and Heywood (2007) suggests that future HEVs may only cost $1,900 more than a CV. Figure 4 shows the lifetime ownership cost of the three vehicle types assuming HEVs have a cost adder of only $1,900 above a CV, and that PHEVs have a cost adder of $4,527 above HEVs (i.e. that they have the same cost premium above a CV as in figure 3 ). Figure 4 shows that with these lower costs, HEVs become considerably more attractive compared to other vehicle types, being the least expensive option if the vehicle is owned for between 5.5 and 8.8 years, with a PHEV with V2G services being the most attractive option beyond that. We can also use figures 3 and 4 to determine the impact of PHEV cost reductions (or increases) on PHEV cost recovery times. With the higher HEV cost adder of $2,369 a PHEV cost reduction of $901 would reduce the payback time by a year, whereas with the lower HEV cost adder of $1,900 a PHEV cost reduction of $549 would reduce the payback time by a year. 11 
Gasoline Costs
Another important assumption in our estimates of PHEV cost recovery is the price of gasoline. While 2005 had relatively low retail gasoline prices-averaging about $2.20 per gallon in Texas-more recent years have seen some dramatic increases in gasoline prices. For instance, on 2 June, 2008, the average US retail price of regular-grade gasoline was reported at $3.98 by the Energy Information Administration. Although gasoline prices have dropped from their highs in 2008 (due in part to the current global recession), there are expectations that prices will eventually rise and perhaps surpass the levels seen in 2008. As such, we repeated our simulations, both with and without V2G services, assuming a retail gasoline price of $3.50 per gallon for the entire year. Our simulations result in roughly the same value of V2G services to the system and PHEV owner, averaging $207 and $224 per vehicle on an annual basis, respectively. Figure 5 shows the lifetime ownership costs of the different vehicle types with gasoline costing $3.50 per gallon, showing the cost recovery time of a PHEV is reduced to about four years and nine months. 
Conclusions
We have estimated system operation cost savings from a PHEV fleet providing V2G services, as well as the value derived by PHEV owners. We have shown that a PHEV fleet can result in substantive cost savings for a power system of up to a more than $200 annual per vehicle savings. Moreover, the value of providing V2G services to PHEV owners, both from energy and ancillary service payments and slightly reduced driving costs, can help reduce the lifetime ownership cost of a PHEV and the time to recover the higher upfront capital cost from over nine years to about seven years. We further demonstrated the sensitivity of PHEV charging costs and ownership costs to uncontrolled charging, the capital cost of vehicles, and increases in gasoline costs.
It is important to stress that the analysis in this paper is illustrative to the extent that we have focused on the ERCOT power system, and excluded some potentially high-value V2G services. While PHEV charging will tend to impose additional costs on power systems, and flexibility in the timing of PHEV charging can provide the SO an opportunity to improve power system efficiency, these costs and efficiency gains will likely differ between power systems. Similarly, the value of V2G services and AS will also vary by power system. For instance, a power system with high penetration of wind may benefit significantly from V2G services and controlled PHEV charging, since the SO can use PHEVs to buffer wind supply variability. Another limitation of our analysis is that it does not consider some high-value V2G services, such as regulation. Assuming that some of the market design issues can be addressed, regulation is an AS that PHEVs can easily provide, given the nearly instantaneous response time of PHEV batteries. As such, the V2G values reported here may be viewed as a lower bound, insomuch as other high-value services were not considered in our analysis.
• N i : generator i's noload cost • ρ s , ρ t : spinning and total reserve requirements (as a fraction of load), respectively
We now define the following decision variables:
• q i,t : generation provided by generator i in hour t
• sp i,t , ns i,t : spinning and non-spinning reserves provided by generator i in hour t, respectively
• u i,t , s i,t , h i,t : binary variables indicating if unit i is up, started-up, and shutdown in hour t, respectively
• SOC v,t , ch v,t , ds v,t , δ v,t : ending SOC, energy charged into and discharged from battery, and DOD of a PHEV with driving profile v in hour t, respectively
• V sp v,t : spinning reserves provided by a PHEV with driving profile v in hour t
• cd m v,t , cs m v,t : miles driven in CD and CS mode, respectively, by a PHEV with driving profile v in hour t
• cd v,t : binary variable indicating whether a PHEV with driving profile v is in CD mode in hour t
The problem is formulated as minimizing total system costs, which consist of conventional generator costs and PHEV operation costs: 
